Plants employ tight genetic control to integrate intrinsic growth signals and environmental cues to enable organs to grow to a defined size. Many genes contributing to cell proliferation and/or cell expansion, and consequently organ size control, have been identified, but the regulatory pathways are poorly understood. Here we have characterized a cucumber littleleaf (ll) mutant which exhibits smaller organ sizes but more lateral branches than the wild type. The small organ size in ll was due to a reduction of both cell number and cell size. Quantitative trait locus (QTL) analyses revealed co-localization of major-effect QTLs for fruit size, fruit and seed weight, as well as number of lateral branches, with the LL locus indicating pleiotropic effects of the ll mutation. We demonstrate that LL is an ortholog of Arabidopsis STERILE APETALA (SAP) encoding a WD40 repeat domain-containing protein; the mutant protein differed from the wild type by a single amino acid substitution (W264G) in the second WD40 repeat. W264 was conserved in 34 vascular plant genomes examined. Phylogenetic analysis suggested that LL originated before the emergence of flowering plants but was lost in the grass genome lineage. The function of LL in organ size control was confirmed by its overexpression in transgenic cucumbers and ectopic expression in Arabidopsis. Transcriptome profiling in LL and ll bulks revealed a complex regulatory network for LL-mediated organ size variation that involves several known organ size regulators and associated pathways. The data support LL as an important player in organ size control and lateral branch development in cucumber.
INTRODUCTION
Plant organs, including leaves and flowers, exhibit enormous variation in size, which probably reflects their evolutionary adaptation to the environment during evolution. However, organ size among individuals of a homogeneous population in a particular species is often highly uniform, suggesting tight genetic control in integrating intrinsic growth signals and environmental cues to enable organs to grow to a defined size (Gonzalez et al., 2012; Czesnick and Lenhard, 2015) . Organ size is determined by two coordinated developmental events: cell proliferation and cell expansion. Thus, alteration in organ size can result from a change in the rate or duration of these growth phases, the size of the proliferative zone within the growing organ or the number of cells initiating the primordium (Czesnick and Lenhard, 2015) .
In Arabidopsis, a number of organ size regulators have been identified (Krizek, 2009; Czesnick and Lenhard, 2015) . For example, AUXIN-REGULATED GENE INVOLVED IN ORGAN SIZE (AGROS) promotes cell proliferation by stimulating the expression of the DNA-binding protein AINTEGUMENTA (ANT), which upregulates D-type cyclin CYCD3;1, a cell-cycle activator (Mizukami and Fischer, 2000; Hu et al., 2003) . The loss-of-function ARGOS or ANT mutants exhibit smaller leaves because of a premature proliferation arrest and reduced cell numbers. The Arabidopsis ORGAN SIZE RELATED (OSR) protein family has four members: ARGOS, ARGOS-LIKE (ARL), OSR1 and OSR2. While ARGOS promotes cell division (Hu et al., 2003) , ARL and OSR2 affect cell expansion (Hu et al., 2006; Qin et al., 2014) , and OSR1 promotes organ growth by altering both cell proliferation and expansion (Feng et al., 2011) . In another example, the cytochrome P450 monooxygenase KLUH (KLU/CYP78A5) promotes floral growth by preventing the premature arrest of cell proliferation (Anastasiou et al., 2007) . In rice, SMALL ORGAN SIZE1 (SMOS1) encodes an APETALA2-type transcription factor; its loss of function decreases the final size of various organs due to reduced cell size (Aya et al., 2014) . Another rice gene, XIAO, controls organ size through regulation of signaling and homeostasis of brassinosteroids and cell cycling .
The TCP (TEOSINTE BRANCHED1/CYCLOIDEA/PCF) proteins are plant-specific transcription factors. Their most prominent functions are in the control of leaf and flower size and shape as well as the suppression of shoot branching (Nicolas and Cubas, 2016) . The Arabidopsis jaw-D mutant (Palatnik et al., 2003) overexpresses the microRNA miR319a, which targets and represses the activity of five Class-I TCP genes, resulting in smaller organs due to premature cell differentiation (Ori et al., 2007; Nag et al., 2009) . Class-II TCPs stimulate the expression of miR396 which targets several members of the proliferation-promoting growth-regulating factors (GRFs) (Liu et al., 2009a; Rodriguez et al., 2010) . The GRFs and GRF-interacting factor (GIF) transcriptional coactivators work together to maintain cell division; mutants with defective GRFs or GIFs show smaller leaves (Kim and Kende, 2004; Horiguchi et al., 2005; Lee et al., 2009; Kim and Tsukaya, 2015) . The Arabidopsis tink mutant influences petal size and shape via auxin and TCP growth regulatory pathways (Johnson et al., 2015) .
Another strategy employed by Arabidopsis to fine-tune growth processes is the targeted decay of key factors by proteasomal degradation. For example, the E3 ligase BIG BROTHER (BB) restricts growth in the stem and lateral organs by limiting the period of proliferative growth (Disch et al., 2006) . The ubiquitin-binding protein DA1 acts synergistically with the E3 ubiquitin ligase DA2 to restrict organ and seed size by limiting cell proliferation (Li et al., 2008; Xia et al., 2013) . Arabidopsis STERILE APETALA (SAP) encodes an F-box protein, a component of the SKP1/Cullin/ F-box (SCF) E3 ubiquitin ligase complex . SAP is essential for a number of processes in Arabidopsis flower development; its loss-of-function mutant (sap) exhibits severe aberrations in inflorescence, flower and ovule development (Byzova et al., 1999) . Another allelic mutant of SAP, sod3-1 (SUPPRESSOR OF DA1), exhibits reduced organ size for leaves, flowers and siliques due to decreased cell numbers . SAP promotes meristemoid proliferation by targeting KIX (kinase-inducible domain interacting; KIX8 and KIX9) and PPD (PEAPOD1 and PEAPOD2) for degradation, where the PPD-KIX-TPL (TOPLESS) complex controls organ growth by restricting meristemoid proliferation (Gonzalez et al., 2015; Wang et al., 2016; Li et al., 2018) . The Arabidopsis F-box protein FBX92 also acts as a repressor of leaf growth (Baute et al., 2017) . In Capsella (a genus closely related to Arabidopsis), decreased SAP activity leads to the development of small flower petals due to the shortening of the cell proliferation period and a reduction in the number of petal cells (Sicard et al., 2016) .
Despite considerable progress in our understanding of organ size regulation in plants, the mechanisms underlying the genetic control of size and shape remain elusive. In addition, there is a lack of research into these mechanisms and their impact on horticultural crop production. Understanding of the genetic control of organ size in field crops such as grain size in cereal crops and fruit size in fruits and vegetables may contribute to crop improvement (Huang et al., 2012) . In this study, we have characterized a cucumber (Cucumis sativus L.) littleleaf (ll) mutant known as 'H19' which has smaller leaves, flowers and fruits and a narrower stem than commercially available cucumber varieties. We have identified a candidate gene for the LL locus and found that the reduced organ size mutation was due to a singlenucleotide substitution in the LL gene. We show that the smaller flowers, fruits and seeds and increased multiple lateral branches (MLB) observed in the ll mutant were all attributable to the pleiotropic effects of this locus and that LL participates as a part of a complex regulatory network.
RESULTS

Small organ size in ll mutant is due mainly to reduced cell number
In comparison to the wild-type phenotype observed in G421 (LL), the ll mutant (H19) exhibited smaller leaves, flowers, fruits and seeds ( Figure 1 , Table S1 in the online Supporting Information). The most obvious and visible difference between ll and LL was leaf area, which was about 40 and 180 cm 2 (Figure 1g ), respectively. In addition, ll had more lateral branches than LL, which averaged 7.0 and 2.8 (on the main stem during the first 10 nodes of growth), respectively. The G421 9 H19 F 1 plant had a similar leaf size to G421. Among 1423 F 2 plants observed, 1088 were of normal size and 335 exhibited the littleleaf phenotype, which was consistent with the expected segregation ratio for a single recessive gene (ll) underlying the littleleaf mutation (P = 0.21 in a v 2 test against 3:1). In 2009 and 2011 field trials, we examined flower size in 145 recombinant inbred lines (RILs) and found that it was co-segregating with leaf size, indicating the pleiotropic effect of the ll gene on flower size. We measured cell size on the adaxial side of leaf and petal epidermises and found these cells in ll plants were significantly smaller than those in the wild type (Figure 2) . The average pericarp cell areas (n = 200) in the leaf and petal epidermis of LL were 240.5 AE 10.9 and 555.5 AE 20.6 lm 2 , respectively, while those in ll were 154.8 AE 7.8 and 406.0 AE 17.3 lm 2 . The leaf area of LL was nearly four times greater than that of the ll mutant (Figure 1g ), whereas the cell size of LL was nearly 1.4 times greater than that of ll, suggesting that the smaller organ size in ll is due to both reduced cell number and smaller cell size.
LL encodes an F-box protein with multiple WD40 repeats
The ll locus was previously mapped on Chromosome 6 flanked by SSR02355 and SSR03940 (Weng et al., 2010) .
Six polymorphic SSRs were mapped with 145 RILs in this region (Figure 3a) , of which SSR21758 and UW083795 were the closest to the ll locus; they were at a map distance of 1.0 and 0.6 cM away, respectively, and were physically about 563 kb apart. The two markers were also used to genotype 1423 F 2 plants and 29 recombinants were identified. From the H19 and G421 resequenced reads we identified 960 SNPs in this region. Four SNPs were converted to derived cleaved amplified polymorphic sequence (dCAPS) markers (ll-dCAPS1 to ll-dCAPS4) and used to genotype the 29 recombinants allowing delimitation of the LL locus to a 0.4 cM (24 326 bp) region between ll-dCAPS1 and ll-dCAPS3 with ll-dCAPS2 co-segregating with ll (Figure 3b) . Four genes (ORF1-ORF4) were predicted in this 24.3-kb region (Figure 3c ). Several lines of evidence suggested that ORF4 is the candidate gene for the ll locus. First, within this region, the marker ll-dCAPS2 from ORF4 was co-segregating with ll whereas there were three and five recombinants in the ll-dCAPS3-ll and ll-dCAPS1-ll intervals, respectively (Figure 3b ). In addition, alignment of the 24.3- kb genomic DNA sequences between G421 and H19 revealed only one SNP within ORF4 (Figure 3d ). Allelic diversity within natural cucumber populations (below) also supported ORF4 as the only candidate gene. Cucumber LL shared 73% and 61% sequence identity at the protein and coding sequence (CDS) level, respectively, with the Arabidopsis gene SAP. We cloned the genomic DNA and cDNA sequences from two parental lines (GenBank accession no. KX450264) and found that both LL and SAP contained two exons with a single large intron of 2522 bp in cucumber and 2989 bp in Arabidopsis. The CDS of LL was 1341 bp and was predicted to encode 446 amino acid residues (Figures 3d and S1 ). The Arabidopsis SAP protein is an F-box protein with a serine/glycine-rich domain at the N-terminal, an F-box motif in the middle and a WD40 domain at the C-terminal . The LL protein contained all these domains with four WD40 repeats in the WD40 domain. The T?G base substitution in the LL gene resulted in an amino acid change from tryptophan to glycine at the 264th position (W264G), which was located in the second WD40 repeat of the LL protein ( Figure S1 ).
The W264 residue in the LL protein is conserved in natural cucumber populations
We genotyped 12 cucumber lines with the ll-dCAPS2 marker inside the ll gene ( Figure S2 ) and found that all ll lines shared the ll allele at this marker locus. We examined the nucleotide variation at the LL locus among 108 resequenced lines, of which 11, 17 and 80 belonged to the wild, semi-wild and cultivated groups, respectively (Bo et al., 2016) . Eleven single-nucleotide polymorphisms (SNPs) were identified within the CDSs; their positions and resulting amino acid substitutions among the three botanical varieties are presented in Table S2 and Figure S3 , respectively. Of the 11 SNPs, 6 were synonymous and 5 nonsynonymous. Among them, polymorphisms at the three sites, 361, 783 and 1221, occurred in all three taxonomic groups. Interestingly, polymorphisms were observed in 9 of the 11 sites in cultivated cucumber, but in only 4 in wild cucumber. This was consistent with the origin by spontaneous mutation of the ll allele, which also suggested that this region is not under selection during domestication or diversifying selection.
Among the 108 cucumber accessions examined, all except for the ll mutant (G264) had the W264 amino acid residue. DNA-binding prediction indicated that W264 was located within the DNA-binding site suggesting this residue may be critical for the function of the LL protein.
LL protein orthologs are absent in the grass lineage
A scan of LL protein homologs in sequenced plant genomes was conducted. Surprisingly, no homolog was found in any of the eight grass (family Poaceae) genomes examined, which included Brachypodium distachyon, rice, switch grass, foxtail millet, sorghum, maize, wheat and barley, suggesting that the LL protein might be absent from these genomes. Among 28 eudicot species examined, seven had two or three copies of the LL homolog and the rest had one copy in each genome. The LL homologs were also found in three monocot species: banana (two copies), date palm (one copy) and pineapple (one copy). In addition, one copy of an LL homolog was found in Amborella trichopoda (the most basal extant flowering plant known) and Selaginella moellendorffii (the oldest extant vascular plant known), suggesting that the LL gene originated well before the emergence of flowering plants. A phylogenetic tree using LL homolog sequences from 33 plant species was constructed ( Figure S4 ). The resulting tree was largely consistent with known evolutionary relationships among these species. To confirm the critical role of the W264 residue in the WD40 domain of the LL protein, we aligned LL homologs from 28 species ( Figure S5 ). Despite limited sequence conservation among these species, even in the WD40 domain, W264 was conserved in all but the ll mutant of cucumber, implying its critical role in the function of the LL protein in vascular plants.
LL gene expression pattern suggests transcriptional regulation of organ size
We investigated the expression patterns of the LL gene in G421 and H19 using qRT-PCR ( Figure 4a ). In G421, LL had the highest expression in shoot buds, but expression was very low in the stem, female flower, leaf and young fruit. In ll, although similar expression patterns were observed, the expressed level was much higher than in LL. To explore the spatial-temporal expression pattern of LL, RNA in situ hybridization was performed in the shoot apex and the female and male buds . In G421, the LL transcripts accumulated mainly in the peripheral zone of the shoot apex meristem (SAM) and the floral meristem (FM) and the tip of the leaf primordium in G421 (Figure 4b, d) . Meanwhile the expression of LL in H19 was greatly enhanced and expanded throughout the leaf primordia and FM (arrows in Figure 4c ,e). In the female and male buds almost no signal was detected in G421 (Figure 4f, h) , while the expression of LL was detected in the developing ovary wall and the tapetum cell layer of the anther in H19 (Figure 4g ,i). The increased expression observed in H19 suggested that LL may be involved in negative feedback regulation. As expected, no signal was found upon hybridization with the sense LL probe (Figure 4j ).
LL overexpression in wild-type cucumber or ectopic expression in Arabidopsis sod3-1 mutant increases organ size
To verify the functions of LL in organ size control, we developed transgenic plants overexpressing (OE) the wildtype LL allele in the standard leaf line 'Poinsett 76'. Twenty-one PCR-positive T 1 plants from independent transformation events were obtained; all of them exhibited increased size in leaves, flowers, self-pollinated fruits and seeds. Among a dozen T 2 OE lines, three (OE5, OE9 and OE10) were selected for expression analysis and morphological characterization ( Figure 5 ). The leaves (located on the third to sixth plant nodes), male and female flowers, fruits and seeds were all significantly enlarged in OE lines compared with Poinsett 76 g, h) . The size of the epidermal cells (from the fourth leaf) in the OE lines was also bigger than those observed in Poinsett 76 (Figure 5e, g ). The expression level of the LL gene in the three OE lines was much higher than that in the control (Figure 5f ), suggesting that the enlarged organ size in OE lines is correlated with increased LL expression. These data demonstrated that LL does function to affect organ size in cucumber.
To test whether LL performs similar functions to its SAP ortholog, we also transferred CaMV35S::LL into the Arabidopsis sod3-1 mutant (sod3-1-LL). The transgenic lines were validated by LL gene-specific dCAPS1 marker and quantitative (q)RT-PCR. Ectopic expression of the LL gene was able to rescue the small organ phenotypes in the sod3-1 mutant. All sod3-1-LL plants showed increased size for leaves, flowers and siliques ( Figure 6 ). Interestingly, compared with Col-0 wild type, the width of the fruit (silique) was also significantly increased in sod3-1-LL (Figure 6d ). At 50 days after planting, both sod3-1-LL transgenic and sod3-1 mutant plants had a similar plant height, which was shorter than Col-0 (Figure 6b ). Also sod3-1-LL plants had fewer branches at the base of the main stem than either Col-0 or the sod3-1 mutant (Figure 6b,g ). These data indicate that both LL in cucumber and SAP in Arabidopsis play similar roles in organ size control.
Transcriptome profiling hints toward a LL-dependent regulatory network for organ size control
To gain insights into the LL-mediated regulatory network, we performed transcriptome profiling in LL and ll bulks (Table S3) . At a false discovery rate (FDR) of 0.05, 1940 differentially expressed genes (DEGs) were identified between the two bulks (Table S4 ) with 1174 and 766 being up-and downregulated, respectively. Clustering analysis classified these DEGs into different functional categories ( Figure S6 ). Gene Ontology (GO) enrichment analysis revealed that the top five most significantly enriched GO terms were 'negative regulation of G 2 /M transition of mitotic cell cycle', 'regulation of DNA replication', 'DNA- dependent DNA replication initiation', 'histone H3-K9 methylation' and 'cell proliferation' (Table S5) . These results indicated significant changes in expression between the two bulks for genes involved in cell cycles, cell division and chromatin modifications. We further examined the molecular functions of these DEGs and found that 'binding' and 'nucleic acid binding transcription factor activity' were highly enriched ( Figure S7 ), suggesting that LL may play a role in regulating DNA-binding and gene transcription in cucumber.
To understand the roles of genes and pathways involved in LL-related organ size control, 198 DEGs were singled out for further discussion (columns H and I in Table S4 ) and classified into six categories: cell cycle and division, chromatin modification, hormone signaling, growth and development, F-box protein, E3 ubiquitin ligase. The expression patterns of eight DEGs were validated with qRT-PCR; which revealed a similar pattern of expression between G421 and H19 as was found with bulked segregant RNA sequencing (BSR-Seq; Figure S8 ).
A number of the DEGs identified have previously been shown to be involved in organ size control, including several known organ size regulators like ANT-like (for AP2-like ethylene-responsive transcription factor), GRF-1 and GRF-4 (growth-regulating factors), GIF-1 (GRF1-interacting factor), TCP4, TCP7 and TCP15, which were all downregulated in the ll bulk. Meanwhile, two negative regulators, BB and DA1, were upregulated in the ll bulk, which is consistent with the reduced organ size in the ll mutant (Table S4) . EPI-DERMAL PATTERING FACTOR 2 (EPF2), which negatively regulates the density of epidermal cells in Arabidopsis (Hara et al., 2009) , was also downregulated in the ll bulk. ) and 50 lm in (e). Significant differences between WT and OE lines is based on Student's t-tests (*P < 0.05; **P < 0.01).
Regulation of organ size is achieved through control of cell proliferation and/or cell expansion. Among the 32 DEGs in the category of 'cell cycle and division', 22 were downregulated, including genes for cyclins (CycA1, CycA3 and CycB3), cyclin-dependent kinases (CDK) or their inhibitors, kinesins, as well as genes for cell division control proteins. The histone genes H2 and histone H4 are cell cycle markers (Nath et al., 2003) . The PCNA (proliferating cell nuclear antigen) gene is involved in DNA replication and its expression marks the proliferation of cells (Kebrom et al., 2010a,b) . Increasing ploidy by endoreduplication promotes cell expansion and thus cell size. In Arabidopsis, the A-type cyclin gene (CYCA2;3) is a key regulator of ploidy levels in endoreduplication which is modulated by TCP15 (Imai et al., 2006 ). An increased cell size requires concomitant new cell wall synthesis and loosening of the existing wall. Expression of many genes involved in these processes (e.g. genes for expansion and extension) were altered in the ll bulk (Table S4) .
Nearly all plant hormones have been reported to play important roles in shaping organ size (Hepworth and Lenhard, 2014) . Fifty-nine of the 198 DEGs (Table S4) were involved in hormone signaling, of which 50 were up-and 9 were downregulated. These genes encoded various signaling components for the auxin/IAA (22), ethylene (21), ABA (6), GA (5), IAA (6), and cytokinin (CK) (5) pathways, suggesting that all these hormones, particularly auxin and ethylene, play important roles in LL-dependent regulation of organ size.
A number of DEGs were present in the ll bulk which are growth-specific markers correlated with growth and cell proliferation in the lateral buds such as histone H2A, histone H4, ribosomal protein gene L27 and genes for cyclindependent kinases (Devitt and Stafstrom, 1995) . The growth of axillary buds also involves various aspects of perturbing the hormonal balance in the stem cell niche where both auxin and CK play complex roles in the function and organization of the meristem itself (Nicolas and Cubas, 2016) . In particular, KNOX1, cytokinin oxidase (CKX), and LONELY GUY (LOG) are known to play important roles in CK biosynthesis and signaling. Again, these genes (LOG-1, -3, -5, -8, and CKX and KNOX1-like-1, -2 and -3) were either down-or upregulated in the ll bulk (Table S4) , suggesting a link between lateral branch development in ll and expression of these genes.
To summarize, the transcriptomic data presented a complex picture of the LL-mediated gene network involved in the regulation of organ size in cucumber; where multiple pathways and organ size regulators appear to be involved.
Mutation in LL pleiotropically affects fruit and seed size and the number of lateral branches
In addition to the smaller leaves, H19 also sets smaller fruits with smaller seeds, but develops more lateral
(b) Figure 6 . Ectopic expression of cucumber LL gene in Arabidopsis wild-type (Col-0) and sod3-1 mutant (sod3-1-LL) plants.
(a-e) One-month-old seedling, 50-day-old plant, fifth leaf, silique and flower of Col-0, sod3-1-LL and sod3-1 mutant, respectively. The small seedling, leaf, flower and silique observed in the sod3-1 mutant could be rescued by ectopic expression of the cucumber LL gene (f). The width of the silique is also increased in sod3-1-LL plants (d). However, no significant difference in plant height is observed between the sod3-1-LL transgenic plant and the sod3-1 mutant (b, g). The branch number on the base of the main stem of 50 day-old sod3-1-LL plant is lower than that of either Col-0 or sod3-1 (b, g). Error bars indicate standard errors. Scale bars are 1 cm in (a, c, d), 5 cm in (b) and 1 mm in (e). Significant differences between Col-0/ sod3-1 and Col-0/sod3-1-LL were determined by Student's t-tests (*P < 0.05; **P < 0.01).
branches than G421. We conducted QTL mapping for fruit length (FL), fruit diameter (FD), fruit weight (FW), 100-seed weight (SW) and MLB using phenotypic data collected from 145 G421 9 H19 RILs during 2 years of replicated field trials (Table S1) . A linkage map with 265 markers was developed (Table S6) . QTL analyses identified three, one, one, two and two QTLs for FL, FD, FW, SW and MLB, respectively (Table S7) . Interestingly, the major-effect QTL fl6.1 (R 2 = 44.5%) for FL, fd6.1 (R 2 = 46.4%) for FD, fw6.1 (R 2 = 38.1%) for FW, sw6.1 (R 2 = 49.9%) for SW and mlb6.1 (R 2 = 43.5%) for MLB were all co-localized with the ll locus (@30.0 cM on Chromosome 6; Figure 7 ) suggesting that the smaller fruits and seeds as well as more lateral branches in H19 are probably due to the pleiotropic effects of the LL locus. This was consistent with the findings from transgenic studies in cucumber and Arabidopsis reported earlier in this study (Figures 5 and 6 ).
DISCUSSION
The LL locus controls the size of multiple organs in cucumber
From QTL analyses we have shown that the small leaves, flowers, fruits and seeds in the ll mutant are all due to pleiotropic effects of the ll locus (Figures 1 and 7) . Transgenic cucumber plants overexpressing the LL allele also exhibited increased organ size ( Figure 5 ), supporting LL as a key player in the control of organ size. On the other hand, four minor-effect QTLs, sw6.2 for SW, mlb6.2 for MLB and fl1.1 and fl5.1 for FL, were also detected (Table S7) indicating that additional factors may contribute to the observed variations among these traits. Organ size variation is common in cucumber. For example, wild cucumber has a leaf area that is comparable to the ll mutant; it also produces smaller flowers, fruits and seeds (Shi et al., 2014) . Among the many QTLs identified for domestication-or breeding-related leaf or fruit size-related traits (length, diameter, weight etc.) in cucumber, none was localized to the map location of ll (e.g. Yuan et al., 2008; Qi et al., 2013; Shi et al., 2014; Bo et al., 2015; Weng et al., 2015; Pan et al., 2017a,b) . These data are consistent with spontaneous mutation of the ll allele in H19, which affects the size of multiple organs and conceivably plays a more fundamental role in plant growth and development. When the ll mutant was first discovered, cucumber breeders had great expectations for its use in developing novel pickling cucumbers adapted to the once-over machine harvest, open-field production system. For example, hypotheses were that the multiple lateral branches and concentrated fruit set may increase yield; the relatively thin canopy due to small leaf area may help penetration of sunlight and improve moisture conditions to reduce disease incidence; and the small leaf may also allow high planting density (Goode et al., 1980) . In practice, no cucumber varieties carrying the ll gene have been deployed in large-scale commercial production since its discovery about 40 years ago. In addition to the small fruit and seed size, homozygous ll cucumber lines often have poor internal fruit quality (e.g. a large seed cavity) (Serce et al., 1999) which may be difficult to improve through selection if this is a pleiotropic effect of the ll locus.
Cucumber LL and Arabidopsis SAP/SOD: functional conservation and divergence Cucumber LL and Arabidopsis SAP/SOD share a high degree of protein sequence homology and domain structure ( Figure S1 ). While mutations in either gene result in reduced organ size, variations in mutant phenotypes do exist. Among the four SAP mutants documented so far, sap is due to a transposon insertion between the third and fourth WD40 repeats (Byzova et al., 1999) , sod3-2 and sod3-3 are T-DNA insertions in the intron region and an ethyl methanesulfonate-induced mutation in sod3-1 introduced a stop codon between the F-box motif and the first WD40 repeat ( Figure S1 ). All three sod mutants exhibit smaller leaves, petals and siliques than the wild type . In contrast, sap is both male and female sterile, the petals are short and narrow or absent, and sepals are carpelloid with increasing severity in later-arising flowers (Byzova et al., 1999) . In the cucumber ll mutant, apart from the smaller organ size, no defects in various organs were observed. However, the phenotype of multiple lateral branches in ll was not seen in the donor cucumber line (Goode et al., 1980 (Goode et al., , 1989 , nor was it reported in the Arabidopsis sap or sod mutants, suggesting the ll allele may also promote growth of lateral branches in cucumber.
The expression patterns of SAP and LL are also different. In Arabidopsis, SAP transcripts can be detected in the root, stem, leaf and inflorescence, where it was highly Figure 7 . Logarithm of the odds (LOD) profiles of organ size and branch number quantitative trait loci (QTLs) detected in the G421 9 H19 recombinant inbred line population. FL, fruit length; FD, fruit diameter; FW, fruit weight; SW, 100-seed weight (SW); MLB, number of lateral branches. The major-effect QTLs for FL, FD, SW and FW are co-localized with the ll locus in Chromosome 6, suggesting a pleiotropic effect of the ll gene on those traits. expressed in the early stages of floral organ development . No difference in SAP expression was observed between sod3-1 and the wild type; SAP expression was undetectable in sap, sod3-2 and sod3-3 mutants (Byzova et al., 1999; Wang et al., 2016) . In cucumber, the LL gene was strongly expressed in the shoot buds, and its expression in the stem, young leaf, flower bud and young fruit was relatively low. LL transcripts accumulated mainly in the peripheral zone of the SAM, FM and the tip of the leaf primordia; LL expression was much higher in the ll mutant than in the wild type (Figure 4) .
Despite these observed differences, the regulation of organ size seems to be a conserved function of the SAP/LL gene in plants. This can be shown by the ectopic expression of LL in the sod3-1 mutant, which rescues its small organ size phenotypes (Figure 6 ). In Capsella species (close relatives of Arabidopsis), variation in the intron of the SAP homolog affects the level of SAP protein in the developing petals. This decreased SAP activity leads to a shortening of the cell proliferation period and a reduced number of petal cells, and thus petal size (Sicard et al., 2016) . Conversely, the ll mutant produces a lot more branches than the wild type, which appears to be a pleiotropic effect of the ll locus (Figure 7) . Interestingly, significant differences in branch numbers between OE and wildtype cucumber plants were not observed. At 50 days after planting, sod3-1-LL plants had fewer branches than either Col-0 or the sod3-1 mutant, but at 65 days after planting no significant differences were observed in either branch number (at the base of the main stem) or plant height between sod3-1-LL and sod3-1 plants. In fact, while sod3-1 and sod3-1-LL plants showed delay of growth at the early stage, they grew more vigorously and produced more branches (primary and secondary) than the wild-type (Col-0) plants by 65 days after planting when Col-0 had already senesced. Therefore, while LL is involved in branch development in cucumber, its exact role in this process requires further investigation.
Possible mechanisms of LL-mediated organ size control in cucumber
In this study we demonstrate that ll encodes an ortholog of Arabidopsis SAP and is a key regulator of organ size in cucumber. Several other players have previously been identified in SAP-dependent control of organ size, including PPD1, PPD2, KIX8, KIX9 and TPL. The PPD proteins are known to interact with KIX8 and KIX9, which act as adaptor proteins for the co-repressor TPL; the complex together regulates leaf size and shape by restricting meristemoid cell proliferation (White, 2006; Gonzalez et al., 2015) . Recently, SAP was shown to be an F-box protein and a component of the SCF E3 ubiquitin ligase complex which acts upstream of the KIX-PPD complex and interacts directly with KIX8 and KIX9 proteins; SAP regulates organ size by modulating the stability of the PPD-KIX-TPL transcriptional repressor complex Li et al., 2018) . Both SAP and LL share a conserved function in organ size control. It is not known if LL in cucumber uses the PPD-KIX-TPL repressor module to control organ size. In Arabidopsis, several genes targeted by PPD, such as CYCD3;2 and CYCD3;3D (for D-type cyclin, a cell-cycle activator), are co-regulated with PPD or SAP/SOD3-1, which affects division of meristemoids (Gonzalez et al., 2015; Li et al., 2018) . In the ll bulk, some cell division-related genes, such as CycA3 and CycB3, were downregulated (Table S4 ). This may indicate some level of association among LL expression, cell divisions and organ size reduction, but additional work is needed to establish the link.
In Arabidopsis, Gonzalez et al. (2015) used a transgenic line (ami-ppd) overexpressing an artificial microRNA targeting PPD1 and PPD2 for microarray analysis and identified 49 DEGs between ami-ppd and wild-type (Col-0) plants. This was in sharp contrast with the 1940 DEGs between the LL and ll bulks identified in the present study (Table S4) . Based on the transcriptome data, it appears that additional players may exist in cucumber in LLmediated control of organ size. For example, the ubiquitin receptor DA1 controls organ growth by restricting cell proliferation in Arabidopsis, which physically interacts with two E3 ubiquitin ligases, DA2 and BB/EOD1, to synergistically restrict organ growth (Disch et al., 2006; Li et al., 2008; Xia et al., 2013; Du et al., 2014) . The different pathways employed by SAP and DA1 in organ size control suggest that these ubiquitin-related regulators may have distinct targets for degradation . Also in Arabidopsis, the F-box protein FBX92 acts as a repressor of leaf growth (Baute et al., 2017) . In this study, both DA1 and BB homologs were upregulated in the ll mutant (Table S4) . Meanwhile, 41 of the 46 E3 ubiquitin ligase and 26 F-box protein genes were upregulated in the ll bulk. These findings provide a prelude to the involvement of additional players in the ubiquitin-mediated protein degradation pathway or the possibility that other pathways may be active in LL-mediated control of organ size in cucumber.
Several TCP genes may be interesting candidates for investigation for possible roles in LL-mediated control of organ size in cucumber. In the ll mutant, four TCP genes (TCP4, TCP7 and TCP15) were downregulated (Table S4 ). In Arabidopsis, TCP4 controls leaf and flower morphogenesis by repressing cell division (Nag et al., 2009; Aggarwal et al., 2011; Schommer et al., 2014) . TCP4 is the target of microRNA miR319a (Palatnik et al., 2003; Nag et al., 2009) and negatively regulates genes encoding multiple GRFs and GIFs, which in turn influences cell proliferation in lateral organs (Kim et al., 2003; Horiguchi et al., 2005; Rodriguez et al., 2010; Kim and Tsukaya, 2015) . TCP7 also plays a role in the control of cell proliferation (Aguilar-Mart ınez and Sinha, 2013). TCP15 promotes or represses cell proliferation depending on the timing and cell types involved (Kieffer et al., 2011; Li et al., 2012) . The regulation of growth processes by TCP4, -7 and -15 appears to involve multiple hormone signaling pathways including auxin, CK, jasmonate (JA) and ABA Danisman et al., 2012; Steiner et al., 2012a,b; Nicolas and Cubas, 2016) . As shown in Table S4 , many of these TCP-regulated genes that are involved in hormone biosynthesis and signaling, and DNA replication, cell cycles and divisions were altered in the ll bulk. These observations suggest that TCP4, -7 and -15 may play important roles in LL-mediated regulation of organ size.
This study has demonstrated that the LL protein contains four WD40 repeats, and the W264G amino acid substitution in the second WD40 repeat resulted in the observed small organ size in the ll cucumber mutant (Figure S5 ). The W264 residue was found to be highly conserved in all eudicot genomes examined except for the ll mutant ( Figure S5a ), demonstrating the critical role of the WD40 domain in the function of the LL protein. WD40 repeat-containing proteins are involved in many fundamental mechanisms such as signal transduction, chromatin modification and transcriptional regulation in a wide variety of processes, for example cell division, meristem organization and floral development (Smith et al., 1999; Van Nocker and Ludwig, 2003) . WD40 domain-containing proteins often serve as scaffolds in assembling functional complexes by interacting with other macromolecules. Similar to Arabidopsis SAP, LL may be an F-box protein and a component of the SCF complex . SCF ubiquitin ligases are characterized by a high specificity for their substrates and the WD40 repeats form the substratebinding domain that is critical for substrate recognition (Villamil et al., 2012; Skaar et al., 2014) . In Arabidopsis, SAP physically interacts with PPD and KIX8/9 to regulate the stability of the PPD-KIX complex for control of organ size (Gonzalez et al., 2015; Wang et al., 2016; Li et al., 2018) . Whether the W264G amino acid substitution in the WD40 repeat of LL will affect interactions between LL and PPD or KIX homologs in cucumber, and thus the stability of the PPD-KIX-TPL repressor complex, may be an interesting subject for future studies in order to fully understand the molecular mechanisms of LL-controlled variation of organ size.
Finally, in this study we found that the LL gene originated well before the evolutionary emergence of flowering plants but has since been lost in the grass genome lineage ( Figure S4) . Interestingly, the Arabidopsis SAP, PPD and KIX gene homologs were also observed to be missing from the grass genome lineage (Gonzalez et al., 2015; Wang et al., 2016) , suggesting that the LL/SAP-PPD-KIX module for organ size regulation is absent in the Poaceae (grasses). Gonzalez et al. (2015) reasoned that this regulation occurs during the amplifying division phase of meristemoid cells for self-renewal and the formation of neighboring pavement cells, and this process is specific for dicots. In contrast, the grasses are not observed to produce self-renewing cells in the stomatal lineage (Liu et al., 2009b; Vat en and Bergmann, 2012) . The absence of these genes in the grasses might therefore reflect the absence of meristemoid amplifying divisions observed in leaves having twodimensional growth (Gonzalez et al., 2015) . However, since LL/SAP orthologs can be found in non-grass monocot genomes and are known to play roles in regulating the size of multiple organs, additional investigations should be made to understand the reason for the loss of this regulation model in the grass genome and determine if other regulatory pathways are used as an alternative.
EXPERIMENTAL PROCEDURES Plant materials
Two cucumber inbred lines, G421 and H19, were employed. H19 is a spontaneous mutant found in a breeding plot characterized by small leaf size (Goode et al., 1980) . H19 has an indeterminate growth habit and multiple lateral branches whereas G421 (wild type) has standard-sized leaves, a determinate growth habit and very few lateral branches. Mapping populations used for cloning of the ll gene included 145 RILs and 1423 F 2 plants from the G421 9 H19 cross.
Map-based cloning of the ll locus
The ll locus was previously mapped onto cucumber Chromosome 6 flanked with SSR02355 and SSR03940 markers (Weng et al., 2010) . Continued fine mapping in the target region was performed following procedures established by Li et al. (2011) and Pan et al. (2015) . Information for all mapped markers is presented in Tables S6 and S8 . To validate the ll candidate gene, 12 cucumber lines with or without the ll allele were genotyped with the co-segregated marker ll-dCAPS2. Nucleotide diversity at the ll locus was investigated among 108 resequenced cucumber lines (Qi et al., 2013) following Bo et al. (2016) . The DNA-binding residues in the LL protein were predicted with the DP-Bind program (http://lcg. rit.albany.edu/dp-bind/).
Cloning of cDNA from G421 and H19 followed Pan et al. (2015) . For expression analysis of the LL gene, qRT-PCR was performed with tissues from the root, cotyledon, shoot buds, stem, leaf, female flowers before anthesis, and young fruits (3 days post-pollination) with three biological and three technical replicates. The cucumber actin gene was used an internal control. For RNA in situ hybridization , shoot apices from 8-day-old seedlings, male buds, female buds and young fruits of G421 and H19 were fixed in 3.7% formalin-acetic acid-alcohol, embedded, sectioned and hybridized with digoxigenin-labeled sense and antisense genespecific probes. SP6 and T7 RNA polymerase were used to make the sense and antisense probes, respectively, by PCR amplification.
Expression of LL candidate genes in Arabidopsis and cucumber
Transgenic Arabidopsis plants with the cucumber LL gene were developed in both wild-type Col-0 and sod3-1 mutant genetic backgrounds following Xu et al. (2018) . Briefly, the LL CDS was cloned into the pCAMBIA2301-ky vector carrying the CaMV 35S promoter (CaMV35S:LL). Transformation was carried out with the floral dip method and transformants were selected with kanamycin (50 mg ml À1 ). Transgenic plants were identified with semiquantitative RT-PCR using LL-specific primers; the Arabidopsis ubiquitin-conjugating enzyme gene At5 g25760 (AtUBC) was used as an internal reference.
To generate overexpression LL transgenic cucumber lines, the CaMV35S:LL construct was delivered into Agrobacterium tumefaciens strain AGL1, which was transformed into the cucumber line Poinsett 76 using cotyledons as explants following Li et al. (2017) with minor modifications. In brief, the dissected cotyledons were incubated with the Agrobacterium culture (OD 600 = 0.7) for 12 min facilitated with vacuum infiltration. The MS medium supplemented with 100 mg ml À1 kanamycin was used to select transformants. The positive transgenic plants were verified by PCR using vector-and LL-specific primers. In both Arabidopsis and cucumber, T 2 transgenic plants from at least three independent transgenic events were employed for phenotypic observations and transgenic expression analysis. The leaf and cell size of transgenic and wild-type plants was estimated from digital images with Image J software (https://imagej.nih.gov/ij/).
Transcriptome analysis with BSR-Seq
The BSR-Seq strategy was used for transcriptome analysis using G421 9 H19 F 8 RILs. Two bulks, the LL bulk (six LL RILs) and the ll bulk (six ll RILs) were created. The shoot apex tissues (1-2 mm) from five 1-month-old seedlings of each RIL were used for RNA extraction and cDNA library preparation. Twelve barcoded libraries were bulked and sequenced with Illumina Hi-Seq 2000. Raw reads were mapped to the Gy14 reference genome with TopHat and transcripts were assembled with Cufflinks. DESeq (http://www-huber.embl.de/users/anders/DESeq/) and Q-value were employed to identify DEGs between the two bulks. Transcript abundance was based on the ratio of FPKM (fragments per kilobase of transcript per million mapped reads). Gene Ontology terms were determined with the Blast2GO program (Conesa et al., 2005) .
The DEGs between the bulks were identified with a FDR of 0.05 as the significance cut-off. The expression patterns of eight genes were validated with qRT-PCR ( Figure S8) . From 1940 DEGs, 198 (Table S4) which are known to play roles in organ size control based on the literature were singled out for further examination (e.g. Krizek, 2009; Gonzalez et al., 2012; Hepworth and Lenhard, 2014; Czesnick and Lenhard, 2015) .
Phylogenetic analysis of LL protein homologs in plants
The search for cucumber LL protein homologs among sequenced plant genomes was performed by BLASTP at Phytozome (http:// www.phytozome.net/). Additional searches were conducted in the draft genomes of melon (http://melonomics.net/), watermelon (http://cucurbitgenomics.org/), banana (http://banana-genome.c irad.fr/), pineapple (http://genomevolution.org/coge/), Amborella trichopoda (http://amborella.huck.psu.edu/) and the date palm (AlMssallem et al., 2013) . Protein sequences were downloaded from the respective databases for local BLASTP (Table S9 ). The fulllength LL protein sequences of different species were aligned using CLUSTALW (Chenna et al., 2003) . The phylogenetic tree was constructed using the maximum likelihood method in MEGA 5 with a bootstrap of 1000 replicates (Tamura et al., 2011) .
QTL mapping of organ size-related traits
For QTL mapping of FL, FD, FW, SW (100-seed seed weight) and MLB, 145 G421 9 H19 RILs were phenotyped in open field trials at the University of Wisconsin Hancock Agricultural Research Station in 2009 and 2011 with a randomized complete block design consisting of three blocks with five plants per plot per RIL. For genotyping, we added more markers on the G421 9 H19 RIL map developed earlier by Fazio et al. (2003) and Weng et al. (2010) . Marker discovery by exploring the resequenced G421 and H19 genomes allowed the development of a linkage map with 264 marker loci. QTL analysis was performed with R/qtl with the Multiple-QTL Mapping method following Weng et al. (2015) . The significance of each QTL was based on the logarithm of the odds (LOD) scores and the LOD threshold for significance at P = 0.05 was determined using 1000 permutations tests.
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